Abstract A high-resolution gravity map over the entire lunar surface has been derived from data acquired by the Gravity Recovery and Interior Laboratory (GRAIL) mission. Soderblom et al. (2015) showed that crater Bouguer gravity anomalies scale with crater diameter and porosity for craters in the lunar highlands. Here we extend this study globally, examining complex craters in each of the three lunar terranes: highlands, maria, and the South Pole-Aitken basin. We find that craters within South Pole-Aitken basin and in the lunar maria have statistically different Bouguer anomalies from those in the lunar highlands. These differences are best explained by differences in crustal porosity among the three terranes. Though there is still much unresolved scatter in the data, we find that no other lunar material properties (crustal thickness, density gradient, etc.) are able to improve our model fit to the data.
Introduction
One of the primary objectives of the Gravity Recovery and Interior Laboratory (GRAIL) mission [Zuber et al., 2013a] was to use the Bouguer gravity anomaly (g B ) of craters to learn about both the subsurface disposition beneath craters (e.g., extent of brecciation) and as a tool to understand the structure of the lunar crust. Such investigations date back to the post-Apollo decade but were limited by resolution and coverage [Dvorak and Phillips, 1977; Sugano and Heki, 2004] . The GRAIL mission has provided a lunar gravity field of unprecedented resolution, allowing long-standing questions regarding the effects of impacts on the lunar crust to be quantitatively addressed.
The Bouguer gravity is the observed free-air gravity, represented by a spherical harmonic model, with the effect of topography removed assuming a constant crustal density [Zuber et al., 2013b] . Topographic information is provided by the Lunar Orbiter Laser Altimeter (LOLA) . The GRAIL Bouguer gravity used in this study resolves craters larger than ∼12 km in diameter. In addition, GRAIL resolves the rich and varied background of geological signals both within and surrounding the vast majority of complex craters. The result is that the crater signal can be obscured and is often not conducive to geophysical modeling. One way to deal with this problem is to examine craters not on an individual basis but to look for statistically meaningful trends within an ensemble of craters. This requires using a single characterizing metric,ḡ B , often the mean value of the Bouguer anomaly out to some radial distance (section 1.2). Even so, there is a long-wavelength (regional) g B background signal that must be removed for each crater. If done improperly, this can result in fictitious trends betweenḡ B and other parameters (e.g.,ḡ B versus diameter) or scatter in an ensemble of Bouguer anomalies.
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This equation shows that Bouguer gravity measurements are a proxy for porosity variations induced by the cratering process. Craters that formed in low-porosity regions fracture and shear the preexisting material forming a higher-porosity zone and thereby a negative Bouguer signal [Milbury et al., 2015] . In regions where the crust is already highly porous, fracturing can only play a limited role in creating new porosity; rather, the passage of the shockwave through the material compresses it forming a higher-density zone and thereby a positiveḡ B . Other effects, like structural uplift and magmatic intrusions, can also create positiveḡ B s. In principle, craters with negativeḡ B in the same region but with different diameters will yield information on the depth dependence of the crustal porosity detected by GRAIL [Wieczorek et al., 2013; Besserer et al., 2014] . It should be noted that g is not constant over the surface of the Moon and can be altered by the high shock pressures during impacts [Stoffler et al., 1975] . Relative to the bulk density, g as inferred from spectroscopy shows little variation over the surface of the Moon [Huang and Wieczorek, 2012] . This is discussed further in section 5.
For this work it is important to understand the GRAIL-derived crustal density models. Wieczorek et al. [2013] estimated the bulk density, b , of the top few kilometers of the crust, and later, Besserer et al. [2014] used the wavelength dependence of potential field attenuation to estimate the vertical density profile by assuming either a linear or an exponential depth dependence. Only the linear model provides an estimate of the density structure of the lunar maria regions, though such results should be used cautiously. In the maria, basalts of high grain density and low porosity (less fractured) overlie low grain density and high porosity (highly fractured) anorthositic crust. The density structure at SPA is less well understood but may involve a dense impact melt sheet and an impact-induced annealing of fractures [Vaughan and Head, 2014] . The SPA region exhibits a unique combination of low-porosity, high bulk density, and low e-folding depth [Besserer et al., 2014] .
These density estimates can be used to calculate the porosity of the lunar crust via
Estimates of the grain density of the lunar crust are obtained from spectroscopic observations [Huang and Wieczorek, 2012] and empirical data [Kiefer et al., 2012] . Spectroscopic observations are, however, only sensitive to the upper few centimeters of the lunar regolith. To apply equation (2) to the lunar crust, it is assumed that this g is constant with depth. This assumption is reasonable for the lunar highlands upper crust where there is no evidence for any compositional changes with depth [Jolliff et al., 2000; Wieczorek et al., 2006] . The lunar maria and SPA, however, have a more complex vertical structure as described above. For each crater, the point estimate of density was done by interpolation of the density grid provided by Wieczorek et al. [2013] or Besserer et al. [2014] . Grain density estimates were done by expanding the spherical harmonic solution of Huang and Wieczorek [2012] to degree and order 310. Using either density or grain density estimates from the area surrounding the crater as oppose to within the crater has no notable effect due to the low resolution of these data sets.
Measures of Craterḡ B
There are a multitude of ways to defineḡ B for a given crater. Each crater has radial and azimuthal variations in g B . Because of this, any value given to describe a crater's g B will be an oversimplification. The goal of any single measure of g B is to, in aggregate, give some insight into the the primary processes responsible for the formation of crater g B signals.
For this work, we assume that the signal associated with a given crater is radially symmetric. To measure this signal, each crater is divided into annuli of width D∕40, where D is the crater diameter. This creates a radially averaged profile for each crater. Pilkington and Grieve [1992] defined the minimum of the radial profile of each crater as the g B signal. Soderblom et al. [2015] define two g B measures. The central Bouguer anomaly is defined as the area-weighted mean within 0.2 radii of the center and the residual Bouguer anomaly as the area-weighted mean out to the full crater radius. Each of these subtract off a mean background value to remove regional signals.
Measures of the g B near the center of the crater are more sensitive to mantle uplift signals for craters larger than ∼140 km in diameter [Milbury et al., 2015] . This is also true when using the maximum azimuthally averaged g B because the radial profile often peaks in the crater center. Using the minimal radial g B emphasizes the component due to fracturing. For this work we use the full radius mean,ḡ B , to try and capture the multitude 10.1002/2016JE005090 of effects present. This measure differs from the residual Bouguer anomaly of Soderblom et al. [2015] in that we use a filter in the spherical harmonic domain to remove regional signals instead of subtracting a constant value (see section 2.1).
Overview
In this paper, we discuss the steps that we took to obtain clear estimates of crater Bouguer anomalies. We examine the global statistics ofḡ B versus D and . These relationships were noted by Soderblom et al. [2015] and Milbury et al. [2015] . We expand on this previous work by examining the interactions between these parameters. Furthermore, we show that the significant scatter about the linear trends are largely due to stochastic behavior of g B at different length scales but that the linear trends are robust. We also examine and interpret spatial correlations ofḡ B to , and bulk density. In particular, we contrast the three major lunar terranes: South Pole-Aitken Basin, farside highlands, and the maria [Jolliff et al., 2000] .
Data Set
We estimatedḡ B for about 4000 craters. We used the JPL 900C11A gravity model [Konopliv et al., 2014] .The Bouguer anomaly was calculated by subtracting from each free-air gravity coefficient the corresponding coefficient of the gravity contribution of finite amplitude topography using a constant density of 2560 kg m −3 [Wieczorek et al., 2013] . The resolution of the Bouguer gravity model corresponds to spherical harmonic degree l = 600, corresponding to a spatial resolution of ∼20 km. We did not include any craters with a diameter of less than 30 km. An upper diameter limit was set at 200 km in order to exclude the effects of mantle uplift [Milbury et al., 2015; Soderblom et al., 2015] and/or flexure. For calculating g B , the spherical harmonic coefficients were expanded into a simple cylindrical map projection. A limited number of craters were used at latitudes greater than 60 ∘ , and the solutions were expanded in a polar stereographic projection to prevent any bias in taking radial means around the crater center.
For each crater, a minimum degree of expansion, l min , could be set dynamically to any value from 1 to 130 (discussed more in the following section). All data were expanded to a maximum degree and order of 600. A 20 ∘ cosine taper to prevent ringing was applied to both the high and low end of the spectrum. For this work we defineḡ B as the mean of the g B within the crater rim as defined by Head et al. [2010] (see section 1.2).
Background Removal
One of the difficulties in understanding the Bouguer anomaly associated with relatively small features is that it is often overwhelmed by larger, long-wavelength regional signals. Past work has tried to get around this by subtracting the mean Bouguer anomaly in a background annulus from the crater signal [Sugano and Heki, 2004; Soderblom et al., 2015] . In order to better resolve spatially the Bouguer signal of individual craters, we implement an alternative technique. We apply a high-pass filter in the spherical harmonic domain that scales with the crater diameter. This was done with
where R 0 is the radius of the Moon and n is a nondimensional scaling factor. It should be noted that, due to the wavelength dependence of attenuation, some bias may be introduced by equation (3) if the depth of the crater g B does not scale with crater Diameter.
It can be shown that annulus removal and high-pass filtering are statistically equivalent processes. Defining an annulus with outer and inner radii of kD∕2 and kD∕2 − D∕4, respectively, a scatter plot comparing these approaches has a slope of unity when k = n∕2 (outer radius = D) ( Figure 1a) . The annulus is a localizing window in the spatial domain, whose spectrum is convolved with the spectrum of g B . When n = 4, the cutoff harmonic l min follows very closely the first spectral peak of the annulus spectrum as D varies (Figure 1b) , providing an explanation for the equivalence of the two approaches.
While statistically equivalent, these approaches are not identical. The long-wavelength filtering removes not only the value but also the shape of the background signal. To illustrate this, two example craters are shown in Figure 2 . In both cases the crater signals are swamped by a long-wavelength background signal. Changing l min removes this background signal revealing signals that are well correlated with the crater itself. In our comparisons we have not found any craters that have a better resolved anomaly with the background removal technique. (3)) with n = 4 (x axis) with a constant cutoff of l min = 10, with background removal of mean value in an annulus defined by kD∕2 and kD∕2 − D∕4 (y axis). The background annulus was defined using k = 2 for each crater. A least squares linear fit gives a slope of 1.01. (b) Spectral power in an annulus 0.75D to D (k = 2). Also plotted are D versus l min curves for three values of n. The n = 4 curve follows the first spectral peak, and this is repeatable for different pairs of annulus radii and n based on k = n∕2.
The Bouguer anomaly of any feature of finite size will have some amount of power at all spherical harmonic degrees. We estimate the amount of crater signal power lost by this filtering by calculating the root-mean-square (RMS) power spectrum of a uniform density spherical cap. For craters in our diameter range, a filter with n = 3 loses ∼ 60% of the crater power; n = 4 is 50%, and n = 5 is ∼ 40%. We elect to use n = 4 because it effectively removes the background signal without losing too much power from the crater itself.
Filtering Out Noisy Craters
We would expect that if a crater existed in isolation, it would have a roughly axisymmetric g B signal. For estimating noise at scales of order D, we use a measure of the standard deviation within the crater, in , that characterizes the departure of g B from axisymmetry. In order to limit the contribution of radial signals to this measure, we define in as the area-weighted mean of the standard deviation within each annulus within the crater. Craters with a high in show an anomaly not associated with the crater or an anomaly that is not symmetric. We rejected craters with in > 30 mGal, with this cutoff value chosen empirically.
We also calculated a standard deviation, out , for g B bounded by annuli of 0.5D and 0.75D, which is similar to a measure used by Soderblom et al. [2015] to reject noisy craters. We found that out can be large due to surrounding craters or other features not associated with the crater itself. Still, there is a significant decrease in the data variance as the cutoff value of out is decreased. Simply stated, the subtraction of an annulus mean to obtainḡ B is compromised by a large value of the corresponding standard deviation, which represents an estimate of the uncertainty in the mean background level. Using a dynamic high-pass filter does not eliminate this problem. However, parametric estimates, such as the slope ofḡ B versus D in a crater collection are insensitive to the cutoff value, implying that this noise has zero mean over the crater set and that parametric estimates are unbiased despite the presence of substantial scatter.
Monte Carlo Runs and Mass Deficit Plots
To ensure that our results were not due to the characteristics of the lunar crust alone or to an artifact of our data processing, Monte Carlo simulations were carried out for locations with random latitudes, longitudes, and crater diameters. Five sets, each of 250 synthetic craters, were generated. The latitude and longitude were randomly generated such that any unit area had the same probability of being picked. Diameter values were randomly drawn from values in the real crater database to make sure that the distribution of diameter values was the same as that of the real craters. The resulting "craters" were processed by the exact same procedure employed for the real craters in our database. For linear correlations like those discussed in Soderblom et al. [2015] and those presented below (e.g., g B versus D) no trends were found in the Monte Carlo "craters." There was, however, a spurious trend for power fits to the crater mass deficit, as described below.
In the crater gravity literature [Dvorak and Phillips, 1977; Pilkington and Grieve, 1992] it is common to look for a relationship that follows [Head et al., 2010] . In the case of l min = 10 both craters have their signals overwhelmed by a strong long-wavelength regional signal (note the difference in scale). This signal is recovered by using the spectral filtering approach.
Here C and m are coefficients to be fit to the data, and ΔM is the mass anomaly derived from the Bouguer anomaly. In testing for this relationship we found the solution from the real and false craters were identical. The important difference between this and the linearḡ B plots (see section 4) is that in testing for a power relationship, we lose information about the sign of the anomaly. Both the real and false craters show a trend of increasing Bouguer anomaly magnitude with diameter. This is likely due to the fact that the lunar Bouguer power spectrum is red, i.e., more power at longer wavelengths [Zuber et al., 2013b] . Regardless of how the background signal is removed, there will be a larger, long-wavelength component in the g B of larger craters creating this artificial trend. Because of this potential for fictitious results, we do not report any fits to equation (4).
Statistical Model
To determine how the crater Bouguer anomalies are affected by different parameters, we used a generalized linear model (GLM). This is an overdetermined system
where the columns of the matrix A are the parameters being tested and c is the solved for column array containing the relationship betweenḡ B and a given parameter (i.e., the slope). Table 1 gives a list of the different parameters that were tested. Interaction terms (e.g., D⋅ ) and squared terms (D 2 ) were also tested. Each model was evaluated using the Bayesian information criterion (BIC) [Kass and Raftery, 1995] . BIC values are ideal for comparing models with different numbers of parameters when there are a large number of observations. The model with the lowest BIC value is preferred.
The BIC value for each model was calculated as
(6) Soderblom et al. [2015] a Parameters labeled logical are entered into the matrix A as a set of 0 and 1 s (equation (5)).
b Porosity was calculated with the depth averaged density to 10 km for the Besserer et al. [2014] values.
c Soderblom et al. [2015] suggested that the g B ∕D slope goes to 0 at
km. This is included in the matrix as an additional D dependence only applied to craters larger than the diameter break. This break in slope adds two free parameters (the change in slope and location of slope break), while all other parameters add one.
Here N is the number of observations, p is the number of model parameters, and lnL is the model log likelihood. The model log likelihood was calculated as
Here E i is the residual of each observation defined by
where is the standard deviation of E. Note that in order to meaningfully compare the BIC scores of two models, they must have the same number of observations.
Due to the large number of possible models, a stepping iterative approach was used. This operates by locally minimizing the BIC value by adding or removing parameters. This is a local minimization, so it is possible that there exists a better model in the parameter space. To try to mitigate this possibility, we ran this minimization multiple times starting with different starting parameters.
Results

Regional Differences
We find there are regional differences in the Bouguer anomaly of craters from the three lunar terranes (highlands, maria, and the South Pole-Aitken basin). These are most clearly expressed by statistically different g B ∕D slopes as shown in Figure 3 . The mean Bouguer anomaly of craters in each region is also statistically distinct. A similar plot can be constructed showing theḡ B ∕ slopes in each region. Craters in each of the three lunar terranes have the sameḡ B ∕ relationship to within the 95% confidence intervals (see Figure 4 ). This is in part due to the fact that each of the three lunar terranes has a distinct porosity. The small range in porosity values leads to large uncertainty in these slope estimations. Because of this, it is more meaningful to compare the mean porosity in each terrane with the meanḡ B ( Figure 5 ). This figure shows that porosity is a strong control for the differences between the terranes, an observation that is more rigorously explored in the following sections.
Linear Model
The preferred GLM isḡ In this equation is given as a percentage. This model is preferred over the next best model by a ΔBIC ≈ 4. ΔBIC = 4 is interpreted as "strong evidence" for one model over the other [Kass and Raftery, 1995] . This model is preferred regardless of whether the constant Wieczorek et al. [2013] or linear Besserer et al. [2014] local density model is used. Bulk density can be substituted into equation (9) in place of porosity with no effect on the BIC score. This interchangeability is due to the fact that that g B is uncorrelated with g . We choose to use porosity for ease of comparison with Soderblom et al. [2015] and Milbury et al. [2015] .
We estimate values of c 1 = −0.26 ± 0.09 mGal km −1 and c 2 = 0.016 ± 0.005 mGal km −1 % −1 . The values of c 1 and c 2 do vary slightly depending on the density model used and choices in crater filtering. To take this into account, we estimated c 1 and c 2 with each of the density models [Wieczorek et al., 2013] , linear [Besserer et al., 2014] at 10 km and exponential [Besserer et al., 2014 ] to 10 km. Estimates were also made rejecting craters with in > 20 mGal. The values reported are the mean of these estimates, and the errors are the standard deviation of the different estimates (which is greater than the error of each individual estimate).
Adding a break in slope as was suggested by Soderblom et al. [2015] is not supported for any diameter in this range. When we exclude porosity from the regression we are able to find the same break in slope reported Mean crater Bouguer anomaly against mean porosity at each crater. Porosity was calculated using Besserer et al. [2014] linear model averaged to a depth of 10 km. Error bars show the standard error of each mean. The porosity of the maria should be viewed cautiously because the assumption of a linear density gradient [Besserer et al., 2014] is likely not valid for the maria.
by Soderblom et al. [2015] . It is unclear if the break in slope is a spurious signal caused by reduced data density at larger diameters or if the signal is too weak for us to detect. Adding an additional term to accommodate a bulk offset or uniquē g B ∕D slope (independent of ) in each of these regions was also not preferred. This implies that the regional differences we see are explained by the interplay of D and in equation (9).
Discussion
Our best fit linear model, equation (9), captures the expected dependence ofḡ B on D and noted by Soderblom et al. [2015] and Milbury et al. [2015] . If the regional differences between the lunar highlands, SPA, and maria ( Figure 3 ) were due to some parameter other than porosity, that would have entered the model as a third term. If porosity variations were not enough to explain the variations between the lunar terranes, the model would include a separate offset coefficient for the craters in SPA and the maria. Indeed this is what occurs if we remove porosity from the parameters to which the GLM has access.
A priori if we were to construct a linear dependence ofḡ B on D and , we might expect it to take the form
There are two separate reasons why equation (9) is not of this form. The first is that this intuitively simpler form (equation (10)) includes an additional parameter (c 3 ), which is necessary to attain an equivalent fit to the data but is penalized by the BIC criterion (equation (6)). The second reason is that we do need a term that depends on D ⋅ to fully explain the regional differences observed. Figure 3 shows that dḡ B ∕dD is different in each of the three lunar terranes. This implies, assuming is the controlling factor, that dḡ B ∕dD is itself a function of . This is true in equation (9) but not in equation (10).
One way to interpret equation (9) is that it is showing the balance between two competing processes, both of which scale with diameter. The first, quantified by c 1 , is the creation of new pore space by the impact [Collins, 2014] . The second, c 2 ⋅ , is the closure of preexisting pore space. This model suggests that for some particular initial porosity value, these two factors of opposite sign are approximately the same magnitude, resulting in g B ∼ 0. This is consistent with the modeling work done by Milbury et al. [2015] , who found that for an initial porosity of ∼7%,ḡ B ∼ 0. The errorbars on our estimates of c 1 and c 2 are too large to make a meaningful estimate of this critical porosity value.
The above interpretation of equation (9) assumes that there are no other processes that scale with diameter aliasing into our model. This approach of correlatingḡ B with global lunar data sets is limited in the kinds of processes it can capture. In particular, the decrease in density a mineral can undergo due to the shock pressure of the initial impact may be comparable to those observed [Ahrens et al., 1969; Stoffler and Hornemann, 1972; Langenhorst and Deutsch, 1994] . The shock pressures, however, drop off very quickly as you move away from the center of the crater [Gault and Heitowit, 1963; Stoffler et al., 1975] which would strongly limit the volume of material affected. Still, it is possible that the amount of shocked minerals scales with the crater diameter which could in turn contribute to the values presented for c 1 and c 2 . However, the data we have available do not allow us to quantify this. As noted in section 1.1, the porosity values for the lunar maria should be viewed with caution. Wieczorek et al. [2013] did not estimate for the density in the maria, and the linear density model model used by Besserer et al. [2014] is likely a poor approximation for the density structure in this region. Even ignoring the maria, our model implies that the reason craters in SPA have a distinctḡ B signal is because of the low local porosity.
Sources of Scatter in Crater Bouguer Anomalies
Despite our efforts to include a wide range of possible predictors, we are still only explaining ∼10% of the variance ofḡ B (R 2 ). This is visually shown in Figure 6 which compares the observed g B to that predicted by equation (9). To understand this scatter it is important to consider the sources of g B on the Moon. These sources can be characterized as the sum of contributions from mascon and peak-ring basins plus the contributions of porosity variations at a continuum of length scales (or wavelengths) [Zuber et al., 2013b; Wieczorek et al., 2013] . In addition to impact basins, at the largest scale, coherent distributions of porosity (hence g B ) are observed, for example, in SPA and in the farside highlands [Zuber et al., 2013b; Wieczorek et al., 2013; Besserer et al., 2014] . We expect signals at this length scale to be removed from the data by our spectral filter (section 2.1).
At length scales of order D (≈100 km), the Bouguer anomalies of complex craters compete with the porosity structure to the extent that the level of detectability of these anomalies varies significantly from crater to crater. At intermediate length scales (order 5D), the porosity distribution makes it difficult to obtain a consistent estimate of the background reference Bouguer anomaly from crater to crater. At both short and intermediate scales, porosity structures lead to considerable stochastic scatter in parametric plots (e.g.,ḡ B versus D). Additionally, there is also a stochastic component of scatter due to factors such as variations in impact velocity, impact angle, impactor composition and strength, target fracture strength, and regional magmatic effects. That there is a large level of small wavelength variations in density is consistent with other analyses of the GRAIL data [Jansen et al., 2014] .
Conclusions
There are regional differences in the craterḡ B for each of the three lunar terranes. A general linear regression suggests that g B is a function of only D and as shown in equation (9). This is consistent with previous work by Soderblom et al. [2015] and Milbury et al. [2015] . This model can be used as a baseline for future studies looking to understand theḡ B of lunar impact craters. Still, this model only explains ∼10% of the variance in the lunar craterḡ B signals. This implies that crater g b is strongly controlled by the local impact environment and postimpact processes. Future models should look to understand this variation by looking at specific populations of craters [Jozwiak et al., 2015] .
